Methods for the nonradioactive chemical sequencing of DNA are described. A biotin marker molecule, attached chemically to an oligonucleotide primer or enzymatically in an endfilling reaction of restriction enzyme sites, is stable during the base-specific chemical modification and strand scission reactions. Following fragment separation by direct blotting electrophoresis, the membrane bound sequence pattern can be visualized by a streptavidin-bridged enzymatic color reaction. The biotin labeling is also applicable for DNA sequencing by random degradation of phosphothioates, thus showing to be a universal label for nonradioactive DNA sequencing.
INTRODUCTION
The steadily growing importance of DNA sequencing by enzymatic chain termination (1) or base-specific chemical degradation (2) procedures evoked numerous improvements in these methods, finally leading to automatic systems based on radioactivity or fluorescencedetection during electrophoresis (3) (4) (5) (6) (7) . The non-radioactive approaches offer several advantages due to, e.g., reagent and probe stability, elimination of radioactive waste problems and the reduction of health hazards.
In routine sequencing, the chain termination method is often preferred due to its higher efficiency and convenience. However, chemical DNA sequencing offers a number of advantages like uniform band intensities, elimination of artifacts due to polymerase stops, low enzyme and reagent costs, and the inherent possibility to sequence from restriction enzyme sites without time-consuming subcloning or costly synthesis of oligonucleotide primers (8) .
Furthermore, several developments have been made to improve the efficiency of chemical sequencing. Vectors have been designed to allow single end labeling (9, 10) , thus eliminating the necessity of strand-separating gels or a cut with a second restriction enzyme. The reaction protocols have been optimized by solid-phase approaches that can easily be automated (11 -13) or by the reduction of precipitation steps and the use of 96-well plates to allow parallel sequencing of 96 clones in a very short time (14) .
Finally, an alternative chemical approach to DNA sequencing has been published (15) . In this scheme, phosphothioate groups are incorporated into DNA (or RNA) in four separate reactions, each containing one thiotriphosphate and three natural nucleoside triphosphates. The phosphothioate triester bond is then randomly cleaved by an alkylating reagent. The convenience of this method has been demonstrated by an elegant application for direct sequencing of polymerase chain reaction (PCR) amplified DNA (16) .
I investigated the feasibility to perform non-radioactive DNA sequencing with an approach that uses biotin as a marker molecule and an enzymatic color reaction for the visualisation of the sequence pattern. An equivalent colorimetric approach to enzymatic DNA sequencing based on biotin-labeled oligonucleotide primers has been published (17) . After optimization of the reaction and colorimetric development protocols and the direct blotting electrophoresis (18) , more than 350 nucleotides can now routinely be read from a single loading with an accuracy of more than 99% (19).
Here I show that biotin-based approaches can also be used for chemical DNA sequencing. The biotin-label incorporated either chemically or enzymatically is sufficiently stable during the modification and strand scission reactions of the classical chemical sequencing procedures as well as during the random phosphothioate degradation.
MATERIAL AND METHODS

General
Restriction endonucleases, DNA polymerase I Klenow fragment (PolK), dideoxy-and deoxytriphospates were from Bethasda Research Laboratories, Boehringer Mannheim or New England Biolabs. Modified T7 DNA polymerase (Sequenase) was purchased from Renner (Dannstadt, FRG), biotin-11-dUTP from GIBCO/BRL, dimethyl sulfate from Fluka (Buchs, CH), hydrazine from Serva (Heidelberg, FRG), and 2-iodoethanol and 2,3-epoxy-l-propanol (glycidol) from Sigma. The a-S-deoxynucleoside 5'-O-(l-thiotriphosphates) were a kind gift from Dr.F.Eckstein. All other chemicals were analytical grade commercial products. Phosphothioate sequencing Primer annealing, second strand synthesis and sequencing reactions with 2,3-epoxy-l-propanol or 2-iodoethanol were performed essentially as described (15, 16) , except that the primer annealing was done in 43 mM Tris-HCl pH 7.5, 54 mM NaCl, 11 mM MgCl 2 . As an alternative to the described sequencing reactions, an additional isopropanol precipitation was included: 4 /tl of the second strand synthesis reaction were mixed with 2 ^1 0.5% 2,3-epoxy-l-propanol in water, heated to 95°C for 3 minutes and cooled on ice. 40 /d 0.3 M sodium acetate and 34 /tl isopropanol were added with mixing. After 5 minutes at room temperature, the DNA was pelleted by centrifugation, washed with 70% ethanol and dried. The pellet was resuspended in 6 y\ 50% formamide dye mix and stored at -20°C. Endlabeling of DNA fragments 10 ii% pTZ19U DNA were digested to completion with Hindlll and Bgll, phenolized and ethanol precipitated. The dried pellet was resuspended in 10 /xl water, and 10 jtl of 10 mM DTT, 80 mM Tris-HCl pH 7.5, 20 mM MgCl 2 , 100 mM NaCl, 0.5 mM dGTP, 0.5 mM dATP, 5 uM biotin-11-dUTP containing 1 U of PolK were added. After 10 minutes at 37°C, the reaction was stopped by addition of 15 y\ load mix (20 mM EDTA, 0.05% bromo phenol blue, 0.2 % sodium dodecyl sulfate (SDS) in 50 % glycerol) and loaded on a 1% seakem GTG agarose gel. After cutting out the desired bands, the DNA was electroeluted, ethanol precipitated and resuspended in 20 /tl water. Second strand synthesis for chemical sequencing with single stranded template DNA Second strand synthesis was performed as described for phosphothioate sequencing (above and (15)), except that thiotriphosphates were replaced with deoxytriphosphates. After 20 minutes at 37°C, the Klenow enzyme was heat denatured for 5 minutes at 68°C, the DNA was precipitated with isopropanol and resuspended in water.
Chemical sequencing of DNA fragments
Chemical sequencing reactions were performed essentially as described (14) , except that siliconized 1.5 ml Eppendorf tubes were used instead of 96-well plates, and that some incubation times had to be changed to yield an appropriate fragment distribution. 250 to 400 ng of DNA, adjusted to a volume of 5 fi\ with water, were used in each reaction. For the cytosin and pyrimidin-specific reactions, 2 /ig of sonicated CT DNA were added.
Base modification reactions were started by adding 10 fil of the modification reagent. Reaction conditions were: G with 2 mM dimethyl sulfate (freshly diluted in cold water) for 50 minutes at room temperature; A + G with 15 mM acetic acid for 2 minutes at 65 G C; C with hydrazin:3 M sodium acetate (10:5) for 10 minutes at room temperature, and C+T with hydrazin:water (9:6) for 10 minutes at room temperature.
The pyrimidine reactions were stopped with 200 ^1 0.3 M sodium acetate, 1 M acetic acid and three times isopropanol-precipitated as described (14), and the DNA was redissolved in 65 /tl 1.0 M piperidine.
To the purin-specific reactions, 50 ji\ 1.3 M piperidine were added directly. After the piperidine reaction for 30 minutes at 90°C, the solution was lyophilised three times and finally redissolved in 10 /tl 50% formamide dye mix.
Direct blotting electrophoresis and colorimetric detection
Direct blotting electrophoresis was carried out as described (19) using 30 cm long and 20 cm wide gels. Reverse wedge gels were cast with the clapping technique, using 0.1 mm thick spacers to yield sharp band patterns in combination with 0.2 mm thick shark tooth combs and precombs to simplify loading (19). DNA samples were denatured at 90°C for three minutes and chilled on ice prior to loading of about 1 /il. Gel electrophoresis was done at 1800 V and maximally 15 mA. Biodyne A nylon membrane (Pall, Dreieich, FRG) was used as blotting matrix.
Following electrophoresis, the sequence patterns were visualized with the streptavidinalkaline phosphatase system exactly as described (19).
RESULTS AND DISCUSSION
The colorimetric developed DNA sequence patterns generated with base-specific chemical degradation, random phosphothioate cleavage with epoxypropanol and with enzymatic sequencing using Sequenase are shown in Figure 1 For the random phosphothioate degradation approach, biotin can also be used as a label. It is sufficiently stable with respect to the reagents epoxypropanol (Fig. 1, lane c) and iodoethanol (not shown). While the sequence patterns generated by classical chemical degradation or enzymatically with chain terminators both yield sharp bands, the patterns with phosphothioate sequencing appear slightly more diffuse, an effect that was more pronounced when 2-iodoethanol instead of epoxypropanol was used in the degradation reaction. Attempts to remove residual reagent that might blur the sequence pattern (16) by isopropanol precipitation did not eliminate this effect.
A close inspection of these patterns shows that each band is followed by a weak 'shadow' band. Gish and Eckstein describe similar results with radioactive labeling (15) , resulting h r rl from two possible pathways of the degradation reaction that yield either 3'-hydroxyl or 3'-phosphate ends. With epoxypropanol as the cleaving agent, the large difference in the intensity of these two bands (16) allows the reading of more than 200 nucleotides. Since DNA sequencing with random degradation of phosphothioates necessitates an endlabelled oligonucleotide primer, the stability of a biotin label offers a profound advantage compared to a radioactive label. Combined with the direct sequencing of polymerase chain reaction amplified DNA, this nonradioactive approach could be of great value, e.g. for diagnostic applications.
In summary, I showed that biotin is a universal non-radioactive label for DNA sequencing, giving the option to combine the advantages of non-radioactive detection with the advantages of chemical sequencing. When compared to fluorescence-based non-radioactive approaches to DNA sequencing (3 -5,7) that have been extended from the chain termination methods towards chemical sequencing of oligonucleotides (21) , the colorimetric approach still suffers from the fact that it has not yet been fully automatized. However, automation of the colorimetric development (19) and a system for the automatic reading of DNA sequences has been described (22) . With the adaptation of a similar reading system, complete automation of the colorimetric approach to DNA sequencing would be possible.
